Barium titanate (BaTiO 3 ) thin films have been prepared using the spray pyrolysis method. The films were deposited onto a glass substrate at varying substrate temperature ranging from 250 to 350°C with the interval of 50°C. The structural, morphological, electrical and dielectric properties of the deposited films have been studied. The X-ray diffraction pattern confirmed the polycrystalline nature of the films with a cubic crystal structure. X-ray photoelectron spectroscopy (XPS) showed a good agreement of the thin films stoichiometry with BaTiO 3 . A presence of Ba, Ti and O in the BaTiO 3 thin films was observed by energy dispersive X-ray analysis. The scanning electron microscopy (SEM) showed the heterogeneous distribution of cubical grains all over the substrate. The grain size decreased with an increase in substrate temperature. The dielectric constant and dielectric loss showed the dispersion behaviour as a function of frequency, measured in the frequency range of 20 Hz to 1 MHz. The AC conductivity (σ ac ) measurement showed the linear nature of obtained films, which confirms conduction mechanism due to small polarons. Impedance spectroscopy has been used to study the electrical behaviour of BaTiO 3 ferroelectric thin films. The ferroelectric hysteresis loop has been recorded at room temperature.
Introduction
In recent years, BaTiO 3 thin films have been one of the most promising material because of its ferroelectricity, high dielectric constant and large electro-optic coefficients, which attracted considerable attention of many researchers. This has been motivated by its low dissipation factor, low leakage current and high breakdown field. Like in other electronic ceramic materials, the electrical properties of BaTiO 3 are closely linked to its microstructural features, such as porosity and grain size. For optimal properties it is desirable to have a homogeneous microstructure for optimal properties. In principle, BaTiO 3 ceramics with a dense structure and fine grains has very good dielectric properties. The BaTiO 3 thin films with perovskite structure are of particular interest for electronic device applications due to their useful ferroelectric properties [1] [2] [3] . Many attempts have been tried to * E-mail: chbhosale@gmail.com integrate the ferroelectric thin films of BaTiO 3 to design non-volatile memory devices and integrated transducers [4, 5] . Initially, various research groups have been working on the bulk form of BaTiO 3 but nowadays, due to downsizing and miniaturization of integrated circuits, there are more and more demands imposed on the thin films of BaTiO 3 technological applications [6] . The thin films of BaTiO 3 also possess piezoelectricity as well as optical and dielectric properties [7] . Thus, the thin films of BaTiO 3 are useful for dynamic random access memories (DRAMS), electro-optic switches, thin film capacitors and modulators [8] . These thin films may be applied in the next-generation FRAM and DRAM technologies and to advanced optical devices [9] . Normally, a ferroelectric capacitor is made from a layer of ferroelectric material sandwiched in a pair of electrodes. The spontaneous polarization effect in ferroelectric material implies a hysteresis phenomenon, which can be used as a memory function and ferroelectric capacitors. The BaTiO 3 thin films can be prepared by various deposition methods, such as chemical route [10] , ion beam deposition [11] , pulse laser deposition (PLD) [12] , sol-gel [13] , RF-magnetron sputtering [14] , microwave hydrothermal process [15] , etc. In comparison with other deposition techniques, spray pyrolysis has several advantages, such as high purity, excellent control of chemical uniformity and stoichiometry in multi-component systems. The other advantage of the spray pyrolysis method is that it can be adapted easily for production of large-area thin films. The spray pyrolysis method is widely used to grow complex, multilayered thin films because of its ability to preserve the target stoichiometry to prepare thin films by layer-by-layer growth. The spray pyrolysis method has many advantages, such as simplicity, low cost and easy adjusting of various deposition parameters to prepare thin films from various spray solutions [16] . Panda et al. [17] studied the optical properties of strontium substituted BaTiO 3 thin films prepared by RF-sputtering method. From this they concluded that the optical band gap decreased with an increase of Ba content in the film, achieving a typical value of 3.31 eV for Ba 0.8 Sr 0.2 TiO 3 . Wang et al. [18] studied the sensing properties of BaTiO 3 thin films prepared by spin coating method. From this, they found out that at low frequency measurements the capacitance of the sensor increases as relative humidity (RH) increases. James et al. [19] studied the structural properties and impedance spectroscopy of Zr substituted BaTiO 3 thin films prepared by the laser ablation method. Qiao et al. [20] studied microstructural orientation, strain state and diffusive phase transition by pure argon sputtering method. Recently, a similar approach has been used to prepare various oxides and ferrite thin films [21] . We have successfully employed spray pyrolysis for manufacturing a number of other pure and doped thin-film compounds, such as TiO 2 [22] , ZnO [23] , Fe 2 O 3 [24] , TiO 2 /ZnO [25] .
In the present paper, an attempt has been made to prepare thin films of BaTiO 3 by using the spray pyrolysis method. The formation of nanocrystalline thin films of BaTiO 3 by using this method was proposed since it is promising for nanoparticle formation. The deposition temperature is low as compared to other deposition methods. Hence, the deposition of BaTiO 3 thin films at low temperature is an attractive feature in silicon technology [21] . The aim of this study was to understand the effects of preparation conditions on the electrical and dielectric properties of the BaTiO 3 thin films. The prepared films were characterized by XRD, SEM, AFM, AC conductivity, dielectric properties and impedance spectroscopy. From this study, the effect of different substrate temperatures on structural and electrical properties of the BaTiO 3 thin films was also studied. The prepared thin films of BaTiO 3 were also used for magnetoelectric (ME) composite to measure the ME voltage. The obtained results have been compared with the results of BaTiO 3 ferroelectric thin films prepared by other techniques. Formation of BaTiO 3 thin film is also very useful in technological applications.
Experimental
The BaTiO 3 thin films were prepared using the spray pyrolysis method. Barium acetate [CH 3 ·COO) 2 Ba] (Thomas Baker, AR grade, 99.0 % purity) and titanium tetra-isopropoxide [C 12 H 28 O 4 Ti] (Spectrochem Private Limited Mumbai-India, 98 % purity) were used as starting materials. Initially, barium acetate solution was prepared by dissolving barium acetate in double distilled water. Similarly, the solution of titanium tetra-isopropoxide was prepared by dissolving titanium tetra-isopropoxide in ethanol. Finally, a spray solution was prepared by mixing these two solutions in a ratio of 1:2. The resulting 30 mL (quantity of spraying solution) solution was sprayed onto preheated glass substrates at 0.1 M concentration. The substrates were cleaned with double distilled water and then boiled in chromic acid for 1 h to remove sticky particles of oil and grease. The deposition was carried out in a temperature range of 250 to 350°C with an interval of 50°C. During the deposition, air was used as a carrier gas and other preparative parameters of spray, such as solution spray rate (2 mL·min −1 ), nozzle to substrate distance (32 cm) were kept constant. The structural properties of BaTiO 3 thin films were studied by using Bruker D2 Phaser X-ray diffractometer with CuKα radiation. XPS spectra of BaTiO 3 thin films were recorded on a VG Scientific Escalab Mk I (Thermo VG Scientific, West Sussex, UK) instrument operating with a unmonochromatized AlKα X-ray source 83 (1486.6 eV). The surface morphology and EDAX spectroscopy were studied by using a JEOL JSM-6360 scanning electron microscope (SEM). Surface topography of the films was further analysed from the AFM images taken by means of an atomic force microscope (AFM, Bruker instrument, Innova 1B3BE) operated at room temperature. AFM images were collected in contact mode using a silicon nitride cantilever. The dielectric constant (ε ), loss tangent (tanδ) and impedance were measured at room temperature in the frequency range of 20 Hz to 1 MHz using LCR Meter Bridge (model HP 4284 A). PE-Hysteresis loop measurement was carried by a ferroelectric loop (P-E) tracer at room temperature.
Results and discussion

Structural properties
The X-ray diffraction patterns of spray deposited BaTiO 3 thin films are shown in Fig. 1 . The X-ray diffraction patterns reveal that the films are polycrystalline in nature. The sharp and strong diffraction peaks are in agreement with those for cubic crystal structure (JCPDS Card No. 01-075-0213). There are some impurity peaks of barium carbonate (BaCO 3 ). These impurity peaks of barium carbonate (BaCO 3 ) occur because of the excess of barium oxide and thermal decomposition of barium acetate at lower temperature, and are in agreement with reported literature [26] [27] [28] . Also, Phule et al. [29] reported the presence of trace amount of BaCO 3 peaks in BaTiO 3 films obtained using barium acetate and titanium isopropoxide as starting materials. The lattice constant 'a' is calculated by the following formula:
where (h k l) are Miller indices, 'd' is interplanar spacing and 'a' is the lattice parameter. The average value of the lattice parameter 'a' is 4.08Å. The average crystallite size is estimated from the Scherer equation:
where D h k l is the crystallite size (nm) perpendicular to (h k l) plane, β is the full width at half maximum, θ is the Bragg angle, and λ is the wavelength of X-ray (λ = 0.15406 nm). The average crystalline size of BaTiO 3 films, according to the Scherrer equation, is of an order of 32 nm. The amorphous structure of the films was observed for sintering temperature of 400°C. This may be due to the low thickness of the film. 
X-ray photoelectron spectroscopy (XPS)
The survey scan spectrum of BaTiO 3 thin film is shown in Fig. 2a . From this survey scan spectrum it is seen that the C 1s line of the residual carbon is located at 284.77 eV. In addition to C, no other contaminant was detected on the surface of the sample. High resolution spectra of Ba3d, Ti2p and O1s photoelectron peaks were also obtained. Fig. 2b shows the narrow scan spectrum of Ba for the BaTiO 3 thin film. It can be seen from the XPS spectra of Ba 3d that there exists one electron state of Ba 3d 5 in the detectable surface region with a binding energy of 779.6 eV. The Ba 3d 5/2 state corresponds to the α state, which is associated with the pervoskite structure [30, 31] . The Ti narrow scan spectrum of BaTiO 3 thin film (Fig. 2c) Fig. 3 shows the EDAX spectra of BaTiO 3 thin film prepared by spray pyrolysis method at substrate temperature of 250°C. The energy dispersive X-ray analysis indicates the presence of Ba, Ti and O in the prepared BaTiO 3 thin film. The concentration ratio Ba:Ti:O shows that the films are substoichiometric. The experimental values of BaTiO 3 thin film obtained from the spectrum of energy dispersive X-ray analysis (EDAX) are shown in Table 1 . Fig. 4 shows the SEM images of BaTiO 3 thin films prepared at different substrate temperatures of 250°C to 350°C at the interval of 50°C. The observed surface morphology shows a cube-like grain structure of the films. The SEM images depict a heterogeneous distribution of cubical grains all over the substrate. The SEM images of BaTiO 3 thin films show that the grain size decreases from 0.7 to 0.1 µm with an increase in substrate temperature. AFM images at higher substrate temperature depict that the films show agglomeration of grains. Fig. 5 depicts 2D and 3D AFM images of BaTiO 3 thin films deposited at substrate temperatures from 250°C to 350°C at the interval of 50°C. From the images it is clear that the film covers the entire area of the surface with small cube-like grains, which are randomly distributed. From AFM micrographs it is also seen the grain size decreases with an increase in substrate temperature. 
Energy dispersive X-ray analysis (EDAX)
Morphological properties
Dielectric constant and dielectric loss as a function of frequency
The dielectric constants of the BaTiO 3 thin films have been measured in a frequency range of 20 Hz to 1 MHz as shown in Fig. 6 . The dielectric constant decreases with an increase in frequency and attains a constant value at higher frequency, showing dispersion behaviour. The graph shows that the dielectric constant decreases with an increase in substrate temperature. Dielectric relaxations at lower frequency in perovskite ferroelectric materials represent the change in polarization according to a time-varying applied electric field. It depends upon frequency, as various mechanisms responsible for polarization are effective at different frequencies. The dielectric properties are strongly influenced by the presence of complexity of grain boundaries, grain size and orientation as well as ionic space-charge carriers. Thus, dielectric relaxations occurring at low frequency can be related to ionic space-charge carriers, such as oxygen vacancies and defects generated during the film growth [32] . The high value of dielectric constant is observed at lower frequency due to space charge polarization, indicating the inhomogeneous dielectric structure of the sample [33] . At higher frequencies the dielectric constant remains unchanged; it may be due to the inability of electric dipoles to follow up the fast variation of the applied alternating electric field. Consequently, the occurrence of friction between dipoles results in energy dissipation in the form of heat [34] . The dielectric constant is calculated by using the relation:
where 'C' is capacitance, 't' is the film thickness, 'A' is an area of the film and 'ε 0 ' is the permittivity of free space = 8.854 × 10 −12 (F/m). The dielectric loss (tanδ) measured at room temperature is shown in Fig. 7 . The graph of dielectric loss shows similar behavior as that of dielectric constant. The graph shows higher values of dielectric loss at lower frequency.
3.6. Impedance spectroscopy Fig. 8 shows the impedance plots of BaTiO 3 thin films deposited at substrate temperature of 250 to 350°C at the interval of 50°C. An impedance spectrum also called Nyquist plot or coal-coal plot, is the plot of the imaginary (Z") versus real (Z') part of the impedance. In the present work, the only single semi-circular arc has been obtained for BaTiO 3 thin film. However, this semicircle is not fully displayed, the diameter may be extrapolated readily which indicates that the impedance mainly originates from the contribution of the grain interior because the grain boundary usually exhibits a much higher resistance than that of the grain interior due to the potential barrier in the grain boundary [35] . 
AC conductivity
To understand the conduction mechanism AC conductivity has been studied. Fig. 9 shows the plot of log (σ ac ) against log ω 2 . The AC conductivity increases with an increase in frequency. As frequency of the applied field increases, hopping of carriers also increases, thereby increasing conductivity. There are two types of polarons, small polarons and large polarons. In the case of small polarons the conductivity increases linearly with an increase in the frequency. The AC conductivity can be calculated by using the following formula: where ε is the dielectric constant, ε 0 is the permittivity of free space (8.85 × 10 −14 F/cm), tanδ is the loss tangent and ω is the angular frequency (i.e. ω =2πf) [36] .
DC resistivity measurement
Fig . 10 shows the DC resistivity of BaTiO 3 thin films deposited at substrate temperature from 250°C to 350°C onto a quartz substrate. The first region observed at lower temperatures is due to impurities and may be attributed to the ordered state of ferroelectric phase and the second region of higher temperature, which is due to polaron hopping may be attributed to the disordered paraelectric state. The DC resistivity decreases with increasing temperature because with an increase in thermal energy, the electron can be released from O 2− ions. When an electron is introduced in the sample it may be associated with cations, which results in an unstable valence state. It is clear from the plot that the sample confirms the semiconducting behaviour, as there is a decrease in resistivity with an increase in temperature. The electrical resistivity can be explained on the basis of Verwey-de Boer mechanism in which electron exchange takes place between ions of the same element present in more than one valence state. Such ions are distributed randomly over crystallographically equivalent lattice sites [37] .
PE-hysteresis loop measurement
Fig . 11 shows the hysteresis loop of BaTiO 3 thin films. The P-E hysteresis loops provide direct evidence for the ferroelectricity of BaTiO 3 thin films [38] . It can be seen that the shape of the hysteresis loops corresponds to a ferroelectric phase. When the electric field becomes sufficiently high to switch dipoles in crystallites, the polarization changes sharply and reaches saturation at higher fields. In the present case the value of saturation polarization is 0.04 µC/cm 2 , which is much lower than the corresponding bulk values [39] . 
Conclusions
The ferroelectric thin films of BaTiO 3 were successfully prepared onto a glass substrate at various deposition temperatures from 250°C to 350°C at the interval of 50°C by spray pyrolysis method. The deposited films exhibit polycrystalline nature. The phase formation has been confirmed by X-ray diffraction analysis. The SEM and AFM images show a cube-like structure of the grains, which covers the whole surface of the substrate. It is found that the grain size decreases with an increase in substrate temperature. The higher values of dielectric constant at lower frequency are due to dielectric dispersion. The electrical properties of the grains and grain boundaries have been studied by using impedance spectroscopy. To understand the conduction mechanism the AC conductivity has been studied. The measured value of saturation polarization, 0.04 µC/cm 2 , is very low.
